Abstract Many techniques are described to treat Chiari type I malformation. One of them is a splitting of the dura, removing its outer layer only to reduce the risks of cerebrospinal fluid (CSF) leak. We try to show the effectiveness of this technique from histological and biomechanical observations of dura mater. Study was performed on 25 posterior fossa dura mater specimens from fresh human cadavers. Dural composition and architecture was assessed on 47 transversal and sagittal sections. Uniaxial mechanical tests were performed on 22 dural samples (15 entire, 7 split) to focus on the dural macroscopic mechanical behavior comparing entire and split samples and also to understand deformation mechanisms. We finally created a model of volume expansion after splitting. Dura mater was composed of predominant collagen fibers with a few elastin fibers, cranio-caudally orientated. The classical description of two distinct layers remained inconstant. Biomechanical tests showed a significant difference between entire dura, which presents an elastic fragile behavior, with a small domain where deformation is reversible with stress, and split dura, which presents an elasto-plastic behavior with a large domain of permanent strain and a lower stress level. From these experimental results, the model showed a volume increase of approximately 50% below the split area. We demonstrated the capability of the split dura mater to enlarge for suitable stress conditions and we quantified it by biomechanical tests and experimental model. Thus, dural splitting decompression seems to have a real biomechanical substrate to envision the efficacy of this Chiari type I malformation surgical technique.
Introduction
Chiari malformation type I (CM-I) is a cerebellar tonsillar herniation through the foramen magnum, leading to a cerebrospinal fluid (CSF) obstruction at the craniocervical junction. To restore the CSF flow, most of the surgeons enlarge this anatomical area (cisterna magna) by a suboccipital craniectomy associated with a dural graft [1] [2] [3] . We prefer an extradural approach described by Isu et al. [4] , reducing the risks of CSF leak, in which the outer layer of the dura is separated from the inner layer and removed. Thus, a new cisterna magna is created, considering the dural inner part capability of expansion, and the neuraxis compression is removed. From our clinical experience [5] , we try to argue in this study the effectiveness of this technique using histological and biomechanical considerations. This work is divided into two parts: in the first one, we examine the posterior fossa dura mater (DM) composition and the orientation of its fibers; in the second one, we emphasize the difference of biomechanical behavior between entire dura and split dura.
Materials and methods

1) Histological study
We removed three specimens (A, B, C) of craniocervical junction DM on fresh human cadavers (two females, one male; all over 70 years old) free of CM-I and past medical history of pachymeningitis. For each specimen, 15 samples at precise zones ( Fig. 1 ) and numbered from 1 to 15 were observed on transversal sections. We added six sagittal sections (from B and C specimens). All the samples were fixed in formalin and embedded in paraffin. Microtome sections were stained with hematoxylin-eosin, Masson trichrome for collagen and orcein for elastin. Four sections were not interpretable because of a wrong section plan, so that we examined 47 sections. The characterization of DM consists in examination of four criterions under optical microscopy: thickness, presence of two distinct layers with a defined boundary, density, and orientation of collagen and elastin fibers.
2) Biomechanical study
We removed 22 posterior fossa dural samples from ten donors (six females and four males; all over 70 years old) free of CM-I and past medical history of pachymeningitis. We took off 15 intact dural samples and seven split dural samples (all the split samples had their intact equivalent from the same donor). For the latter, we removed the outer layer of the dura in condition of real surgery using a blade number 15 and a blunt dissector. No special orientation was chosen so that the direction of the following tensile tests was random. All samples were placed in physiological saline solution and kept refrigerated.
Each specimen of DM was cut into strips using a metallic pattern (Fig. 2 ) of 30 mm length by 20 mm width. To estimate the cross section of the sample, thickness was measured by a digital micrometer gauge, at least five times. A pseudo-regular ink marking was made to assess the intrinsic deformation of the sample by a Digital Imaging Correlation technique (DIC). Each mechanical test was performed at room temperature (20°C) on a uniaxial RAITH® testing device. The tissue was held between small screw-tightened grips and displacement data were measured by CCD camera (2,048×2,048 pixels; Fig. 3 ). From the images, DIC allowed the determination of the displacement between the ink marks deposited on the specimen surface [6, 7] . Force was measured with a loading cell of 100 N with an accuracy of 0.1%, and the stress in the tissue was defined as the force (F) on the tissue divided by the cross-sectional area of the tissue under that force. Data (in plane strain tensor and load) were collected by a PC and analyzed using the softwares CORRELMANUV® and AGNES® from LMS, Ecole Polytechnique [6] . When it was possible, we preconditioned the tissue We carried out two specific tests series. The first one focused on the dural macroscopic mechanical behavior, at the scale of the whole sample. This allowed us to compare entire and split samples. The second test series consisted in the observation of the structural modifications of the tissue under strain thanks to strain field analysis, in order to understand the local deformation mechanisms during the test.
Results
1) Histological study
The thickness of the samples was measured between 0.625 and 1.475 mm (mean thickness 1.106 mm, standard deviation 0.244 mm). The midline sections were thicker than the lateral ones (Table 1) . Sections number 5 and 8 had the largest average thickness; this can be explained by the remains of the posterior atlanto-occipital membrane even if it was macroscopically removed during the dissection. We also noticed that the midline sections number 2 and 5 of the three specimens had a triangular shape due the presence of an occipital sinus. This observation did not interfere with our thickness assessment.
Two different layers occurred objectively on only ten sections (specimen A n°5,11,12,13/specimen B n°1,6,12/ specimen C n°6,12 + one sagittal section). Among these, a well-defined boundary between the two layers was observed in six samples. It seemed to be a more capillary network than a real interface (Fig. 4a ). In the other samples (n=37), we could not distinguish the two layers structure. Moreover, we did not find some particular relation between the localization of the sections of the posterior fossa and the presence of two layers. Thus, we think that the classical description of two distinct layers constituting the DM [8] could be inconstant in the posterior fossa.
Concerning the DM composition, collagen was largely dominant with few elastin fibers (Fig. 4b) . The collagen fibers were dense and strongly organized, distributed inside the tissue. However, we observed some degree of reciprocal density gradient between collagen and elastin, from one face of the dura to the other. There was a tendency of a decrease of collagen density, and conversely an increase of elastin fibers, from the inner to the outer layer (visible on ten and nine sections, respectively). So the ratio collagen/elastin appeared higher in the inner dural part and lower in the outer one, but these considerations were inconstant.
To define the orientation of the fibers, we compared the transversal sections with the six sagittal sections. The collagen fibers appeared in a main cranio-caudal direction with probably some little degree of obliquity. On the ten sections where two layers were identified, we did not observe a clear difference in collagen orientation between the inner part and the outer part.
From a scanning electron microscopic study, DM seemed to be composed of a multilayer structure, with piled-up leaves. Each leaf was composed of lined up "big cables" (about 1 µm diameter) corresponding to collagen fibers and of a thinner spiderweb network with no preferential orientation corresponding to elastin fibers (Fig. 5 ). The observations of fracture surfaces samples obtained from liquid nitrogen fracture confirm that each leaf was separable from adjacent leaves. Therefore, we presume that the dural splitting dissection does not occur between two macroscopic leaflets: it splits the DM between two layers of a microscopically divided multilayered structure.
2) Biomechanical study a) Macroscopic tensile test
The first campaign consisted of twelve tensile tests. Figure 6 showed a typical mechanical response for tensile tests performed on entire and split DM (from the same donor) at room temperature and under a constant strain rate. As in previous studies [9, 10] , it appeared that the entire DM presented a large elastic domain (until some 10%) followed by occurrence of damage mechanisms that conducted to failure of the sample. For split DM, the mechanical behavior was quite different than for intact one, with a smaller elastic domain followed by a larger irreversible strain domain. We check the evolution of the Young modulus (YM), which corresponds to the stiffness of an isotropic elastic material (defined as the ratio of the stress over the strain). Decrease of the YM could be considered as a signature of the damage occurrence inside the specimen: the more damaged was the specimen, the weaker was the YM. So for the split dura, the YM decreased from 25 to 19 MPa that meant that damage occurred gradually inside the specimen during the test. On the contrary for entire dura mater, the evolution of YM firstly increased from 44 to 91 MPa that could corresponds to a rearrangement of the fibers along the stress axis and then remained constant until rupture (see Fig. 6 ).
b) Displacement and strain field analysis
From a more local point of view regarding the effect of the fiber distribution, second tensile tests campaign was performed to follow the evolution of the displacement field inside the sample during the test. This campaign had consisted with ten tensile tests performed under optical microscope with a spatial resolution equals to 0.9 µm at room temperature for the same strain rate of the macroscopic ones. It appeared on Fig. 7 , obtained from intact DM that the displacement field seemed to be homogeneous along the sample and quite independent on the fiber's axis versus the tensile axis. That meant that the mechanical behavior of DM could be considered as being homogeneous, with no effect of the orientation of the fibers on the mechanical behavior. So it seemed that the mechanical behavior of the DM could be considered at first approximation as being isotropic.
c) Modeling of the DM expansion
We estimated the volume benefit from the DM splitting through estimation of the order of magnitude of its deformation. The geometry of the split dural zone was complex. As a first approximation, we assumed that this region was a spherical cap with a diameter around 40 mm (Fig. 8) . Prior to deformation, the curvature radius R c of the DM cap was estimated at 5 cm. Thus, the geometrical characteristics of the spherical cap were: volume of 2.6 cm 3 , surface of 13 cm 2 , and maximum height z max (measured between the support line and the top of the cap) around 4 mm. In order to estimate the deformation in the DM, we needed to know the stress in the tissue. The highest component σ θθ of the stress tensor in the DM could be estimated from the mechanical equilibrium of the structure: if an inner pressure P ic (intracranial pressure) was applied on the DM cap, the stress on the border (the supporting line) of the membrane had to equilibrate this pressure. Therefore, the stress was related to the applied pressure by:
with h as the thickness of the DM. We assumed that the DM splitting removed half of the thickness (h=0.5 mm) and that the P ic is about 10 mmHg in CM-I. In that case, the sstress was around 70 kPa. The deformation associated with this stress in our uniaxial traction experiments was between 2% and 5% remaining Fig. 6 Stress/strain curve comparing intact dura (blue curve) and split dura (red curve)
small. Such deformations were not big enough to bring us in the domain of irreversible strains, which implied that there was no risk of leaking of the DM due to the tissue stretching. The DM membrane was under a biaxial solicitation, while we performed a uniaxial test. Relating both approaches was not straightforward in the general case, but we could consider, in first approximation, that the relative surface deformation was of the same order of magnitude of the relative length deformation. Therefore, the surface after deformation S def was related to the initial surface S init by S def ¼ S init 1 þ " ð Þ, where ε is the estimate of the deformation. From this result, simple geometric considerations led to the volume and to the maximum height after deformation.
A deformation of ε=2% (lowest estimate) led to a volume of 3.3 cm 3 , an increase of 22% of the initial one, and the maximum height was about 6 mm, increasing by 45% the original one. The highest estimate of the deformation of ε=5% led to a volume of 4 cm 3 (increase of 50%), and a maximum height of 9 mm, twice the initial one. This second estimate was more likely to be closer to the real case than the first one considering the deformation data from our tensile experiments. This was also in agreement with the observation of the posterior fossa enlargement after dural splitting during surgery [4] .
Discussion
The dura mater is a connective tissue surrounding the nervous central system. It is known to be a membrane composed of collagen and elastin fibers with two different layers [8] . Actually, its structure remains controversial, especially concerning the orientation of its fibers. On the contrary of the lumbar DM [11, 12] , the posterior fossa dura mater has not been studied yet. From our observations and despite the few cases (n=3), we think that the presence of two distinct layers on the posterior fossa dura mater is inconstant. The limit between the inner and the outer dural part sometimes appears as a vascular plan (capillary network), but is more often virtual. Previous studies on dura mater in the spinal region [13, 14] have shown a welldefined structure in two leaflets. We think that the difference may be due to the location as the posterior fossa is making the transition between cerebral compartment, with a spherical shape, and the spinal one, with a cylindrical shape [15] . Based on our observations, we conclude that the structure is closer from a multilayer material, stacking many sheets of fibers. This should be confirmed by a study with more specimens. However, the understanding of the fibers orientations of the dura remains difficult. Histological studies indicate more or less a cranio-caudal orientation of the fibers, but we use also other imagery methods, such as scanning electron microscopy and second harmonic generation (SHG) microscopy [16, 17] , which indicate that the different layers of fibers may have different orientations. SHG studies confirm histological studies about the fact that composition of the dura mater is inhomogeneous in the thickness, with more collagen close from the inner face (Fig. 4b) . Note that SEM and SHG were used in complement of the histological studies, and not in a systematic approach, due to the time they request. The difficulty of finding quantitative results based on histological approach indicates that more specific methods should be used in the future to improve the understanding of the dural structure. Human DM has its own biomechanical properties, which have been studied in the past [9, 13, 18]. Most of these works concern the lumbar DM and are applied to the comprehension of the post-dural puncture headache [11, 19] . Dura has also been tested as a potential component of heart valves [20] . But, posterior fossa DM has not been examined until now. In this work, we tried to highlight the difference of behavior between the entire dura and the split dura, correlated to the surgical technique described by Isu et al. [4] . This biomechanical work is the first to evaluate the posterior fossa dura mater mechanical properties. Also, it is the first investigation of the biomechanical behavior of split dura mater in association to the specific surgical technique of splitting decompression in CM-I performed in our institution. Indeed, we studied this technique on 11 patients with satisfying results [5] : disappearance of all headaches, no complication (except one superficial wound infection), no need of second surgery. Our tests in the present work compared one entire sample and one split sample from each donor when it was possible. For the intact DM, we found an elastic behavior, with a small domain where deformation is reversible with stress followed by a fragile behavior, as indicated by others authors on lumbar dura [10] . On split DM, we observe the same type of behavior at small strain, with a slightly smaller stress level for the same strain. The most significant difference between entire dura and split dura occurs when elasticity is maximal: split DM presents a large domain where the mechanical behavior is elastoplastic, with permanent strain and a lower stress level, instead of a fragile behavior for the intact DM.
We must nuance in our observations since the tests were performed on samples from elderly fresh human cadavers (over 70 years old). So it is reasonable to think that tests on specimens from younger donors would have shown different results, although no study has been made to compare dural biomechanical behavior between children and adults for example. We worked on donors from the Ecole de Chirurgie Assistance Publique-Hopitaux de Paris who were free of CM-I. But we know from Nakamura et al.
[21] that DM in CM-I can be thicker than normal dura. This implies of course that the neurosurgeon must remove a significant thickness of dura to obtain a visual deformation of the split area and then a satisfying decompression. Also, it may modify the mechanical behavior, as the tissue is inhomogeneous in its thickness.
These experiments concern the instantaneous behavior of the dura mater. To confirm that they are in agreement with the decompression in CM-I, we build a model of DM expansion. It shows that slight stresses induced by CM-I on the dura lead to a large structural deformation with a volume increase of approximately 50%. These observations are in agreement with the radiological findings of our previous clinical and radiological work [5] in which we have found ten significant craniocervical decompression (among the 11 patients). Moreover, we have observed a real new cisterna magna after dural splitting for four patients, which corresponds to a volume increase of at least 50%. But, this model simplifies the real situation [22] : in particular, we did not introduce the head muscles that could prevent the dural extension. However, it shows that the immediate deformation frees enough space to relax the neuraxis constrain and to restore the CSF flow.
A clear extension of our approach should be to study the time-dependent extension by studying the mechanical answer to a creep test. Radiological findings, where an increase of cisterna magna size is observed [4, 23] , seem to support the hypothesis that the split dura could enlarge with time. Moreover, a more complex model, including creep tests, would be useful to the neurosurgeon to plan the dura splitting decompression and to anticipate the results of the surgery.
Conclusions
This original study demonstrates the capability of the split dura mater to enlarge for suitable stress conditions and quantifies it by biomechanical tests. We have built an experimental model that shows, in a theoretical way, a significant volume benefit at the craniocervical junction after splitting. Thus, dura splitting decompression could have a real biomechanical substrate to envision the effectiveness of this Chiari type I malformation surgical technique. One secondary but interesting fact disclosed by the authors was that a true anatomical separation between inner and outer dural layers is inconstant. Despite this finding, the authors really provided a model to study the elasticity and capacity of divided dura under hydrostatic conditions to enlarge volumetric capacity of posterior fossa cavity.
The experimental findings must be translated into practical applications. This kind of research has been termed as translational research. The same group of authors has provided (in other publication) some evidence demonstrating the effect of the posterior fossa decompression under splitting the dura mater in series of patients. Other studies will be necessary to reveal which kind of patients will benefit from this technique but the experimental model has been already developed by Chauvet et al.
Ralf Alfons Kockro, Zurich, Switzerland
This is an interesting article about the biomechanical properties of intact versus split posterior fossa dura mater in view of applying the technique of dura splitting for Chiari malformation I decompression surgery. This work nicely shows how an interdisciplinary collaboration, like in this case with materiel sciences, can shine light on a controversial surgical method. The authors have applied mechanical stress tests as well as mathematical models to analyze the dura's mechanical deformation behavior and predict its volume expansion properties. They have demonstrated a sufficient elastic capability of split dura mater in order to provide an adequate decompressive effect during CM-I decompression surgery. These results match the group's clinical and radiological findings. I encourage the group to present their long-term clinical findings with this decompressive surgical technique.
Jörg Klekamp, Quakenbrück, Germany
The authors describe the biomechanical properties of the posterior fossa dura mater of ten human cadavers before and after applying the dura splitting technique. The background behind this study is to provide data supporting this technique for treatment of the Chiari type I malformation avoiding opening of the entire dura and arachnoid. This is supposed to limit postoperative complications and problems with CSF fistulas in particular. Even though most of the patients with Chiari type I malformations are considerably younger than the elderly population studied here, this paper provides data supporting the rationale to decompress the foramen magnum by a craniectomy and splitting of the outer dural layer only.
However, the pathophysiology of Chiari type I malformation with or without syringomyelia involves more than just compression of spinal cord and medulla oblongata at the foramen magnum. Successful treatment of these patients requires a restoration of CSF flow at his level. This can be achieved in many patients with this technique but certainly not in all of them. Arachnoid pathologies contribute to CSF flow obstructions in a significant number of patients and are not addressed with this technique. Whether such pathologies can be excluded with sufficient accuracy by intraoperative ultrasound is a controversial issue. Consequently, the rate of postoperative decreases of syrinx sizes tends to be lower with the dura splitting technique compared to those that open the dura. The authors prove to some degree that splitting the dura can enlarge the cisterna magna. However, to recommend this technique, clinical studies must prove that it is at least as good as the standard, i.e., bony decompression and duraplasty.
Lotfi Hacein-Bey, Sacramento, USA Chauvet et al. present the results of a rigorously and elegantly conducted study of the biomechanical and histological properties of split dura mater. Currently, the best surgical standard practice for the treatment of Chiari I malformation with or without syringomyelia is dural grafting. Although the "split dura" or "dural relaxing technique" (described in 1993 by Isu et al.) is sometimes used in association with a dural graft, and although the biomechanical and physical properties of the human dura mater (most exclusively that of the lumbar area) have been previously studied, a scientific assessment of the anatomical and physical properties of the posterior fossa dura mater had been lacking so far.
The major finding of this study is displayed in Figure 6 which demonstrates that two samples (obtained in the same patient) have significantly different stress/strain responses, the "split" sample exhibiting considerably greater elastic properties.
One important histological finding of this study is the evidence of variability in the multilayer structure of the dura mater of the posterior fossa. The authors used scanning electron microscopy and SHG microscopy techniques to study the orientation of dural layers. Perhaps further histological analysis might result in refinements in the technique of dural splitting to eliminate the risk of damage to macroscopic leaflets.
Since all dural samples in the study were obtained from cadavers 70 years and older (a limitation of the study which is acknowledged by the authors), several questions arise. Is there variability in the histological arrangement of the dura among individuals and with increasing ages? More importantly, is there significant variability between posterior fossa dural organization in Chiari I patients versus normals? Also, are there different histological arrangement and biomechanical behavior in the dura of patients with fibromyalgia and other conditions for which posterior fossa decompression has been advocated, raising a high level of controversy?
Although our understanding of the viscoelastic and biomechanical properties of the human posterior fossa dura mater needs further deepening, the authors must be congratulated on conducting a landmark study of quality. Some minor degree of validation is provided by the clinical responses reported in the 11 patients treated by the authors. The authors' plan to conduct further biomechanical studies, including creep tests, and long-term follow-up of their patients should be awaited with interest.
Richard G. Fessler, Chicago, USA Drs. Chauvet et al. present an interesting evaluation of the biomechanics of a newly proposed technique of treating Chiari I malformation, splitting the layers of the dura while leaving it intact overall. While the technique itself remains unproven, being supported only by a handful of patients with short-term follow-up, the idea does carry some interest.
Many practical questions are raised by the data, however. For example, since less than one fourth of the dural specimens examined had any evidence of separate identifiable layers, of what practical significance is a dura "splitting" procedure? Second, the problem with treating Chiari I malformation is usually in the long-term follow-up, during which it is common for symptoms to return. Often, this is due to "re-scarring" of the duraplasty. Is there any reason to believe that this will not happen with a dura splitting procedure?
Another question raised concerns the effect of the dura splitting. Although splitting the dura to roughly one half its original thickness would obviously lead to a weaker dura, this does not necessarily translate into greater "stretchability." Especially since the authors own data suggest that the out layer (i.e., the one removed) has the higher concentration of elastin, and the inner layer is predominantly collagen.
Finally, as presented in the "Results" and "Discussion" sections, numerous "assumptions" were made about the dura to enable the mathematical analysis performed by the authors. Since most of these assumptions have no true validation, it is hard to attribute significance to the acquired results.
All that being said, this is a fascinating potential option, and I will look forward to further verification of its effectiveness.
